An all-solid-state, narrow linewidth, wavelength-agile THz-wave parametric generator was developed. The THz-wave frequency can be set randomly or tuned rapidly and smoothly over the range from 0.6 to 2.4 THz with a narrow linewidth of 50 MHz. Using this THz-wave parametric generator, accurate and rapid measurements were made of the absorption spectrum of water vapor, with a wide frequency range from 0.8 to 2.1 THz, from a single scan of the THz-wave frequencies. These results demonstrate that this THz-wave parametric generator is a powerful tool with practical applications in THz-wave spectroscopy. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2181196͔
Although various possible applications have been identified for far-infrared or terahertz ͑THz͒ radiation, such as chemical detection, astronomy, gas sensing, and medical imaging, [1] [2] [3] [4] [5] progress has been hampered by a lack of compact, low-consumption, solid-state terahertz sources capable of room temperature operation. [6] [7] [8] [9] One way to producing THz radiation is frequency conversion in a nonlinear optical material. We have focused on developing compact, widely tunable, narrow-linewidth THz-wave sources that operate at room temperature, based on laser light scattering from the A1-symmetry polariton mode of MgO : LiNbO 3 nonlinear crystals. Previously, we developed an injection-seeded THzwave parametric generator ͑TPG͒ 10, 11 and an injectionseeded THz-wave parametric oscillator 12 with narrow linewidth and wide tunability. The injection-seeded TPG is a particularly promising tunable source that offers the potential advantage of mode-hop-free tuning because of the absence of a cavity. Furthermore, an achromatically injection-seeded TPG 11 that has achromatic phase matching for easy frequency tuning offers potential for rapid, smooth frequency tuning. However, the mode hopping of the tunable laser diode used as a seeder restricted the tuning range of the THz waves to 3 GHz without mode hopping, and the 10 Hz repetition frequency of the pump beam laser makes THz-wave spectroscopy and imaging based on this kind of system a time-consuming process. For practical applications, the tuning speed and frequency tuning range must be increased, while remaining mode-hop free.
Here, we report an all-solid-state, narrow linewidth, wavelength-agile, terahertz-wave generator that can rapidly scan a wide range of wavelengths from 0.6 to 2.4 THz with a narrow linewidth of about 50 MHz. Accurate and rapid measurements of the absorption spectrum of water vapor were realized over a wide range of THz-wave frequencies from a single scan. These results demonstrate that this THzwave generator is a promising tool with practical applications in the far infrared or THz regime. Figure 1 shows the experimental setup of the all-solidstate, narrow linewidth, wavelength-agile terahertz-wave generator. It includes a pump source, a seed source, the optics for achromatic phase matching, and nonlinear crystals. The pump source was a specially designed injection-seeded Q-switched yttrium-aluminum-garnet ͑YAG͒ laser ͑devel-oped by MegaOpto͒ that generated single-longitudinal-mode pulses at a wavelength of 1064 nm. Its pulse width, repetition rate, and maximum output energy were 15 ns, 500 Hz, and 21 mJ/ pulse, respectively. The seed source was a continuous-wave external cavity laser diode ͑ECLD; New Focus͒ amplified up to 1 W using a Yb:fiber amplifier. The wavelength was tuned coarsely from 1056 to 1083 nm without mode hopping using a dc-motor-driven screw and finely tuned using a piezoelectric transducer over a range of approximately 20 GHz.
The TPG gain media consisted of two cascade nonlinear crystals ͑Yamaju Ceramics, 5 mol % MgO-doped LiNbO 3 crystals, ͑5 ϫ 65ϫ 4͑z ϫ x ϫ y͒ mm 3 ͒. Both facets of the crystals were polished and anti-reflection coated for 1064 nm. An array of seven Si-prism couplers 13 was placed on the y surface of the crystal for efficient emission of the THz wave. A combination of lenses and grating was used for achromatic a͒ Author to whom correspondence should be addressed; electronic mail: ruixiang@riken.jp b͒ On leave from Mitsubishi Electric Corporation.
FIG. 1.
Experimental setup of the all-solid-state, narrow linewidth, wavelength-agile terahertz-wave generator. The pump source was an injection-seeded Q-switched YAG laser ͑1064 nm͒. The seeder for the idler was a continuous-wave tunable laser diode ͑1056-1083 nm͒ amplified up toseed injection, to compensate for the dispersion of phase matching in the MgO : LiNbO 3 crystal. The seed from the Yb:fiber amplifier was collimated and expanded to 3.0 mm in diameter. Then, the seed beam was diffracted using a 1200 groove/ mm grating with an angle of incidence of ϳ45°for 1071 nm. The diffracted seed beam was reflected by a pair of concave mirrors, CM1 and CM2, and injected into the MgO : LiNbO 3 crystal. The radius of curvature of the two mirrors was 1.5 and 0.5 m, respectively. The pair of concave mirrors formed a telescope that expanded the dispersion of the grating and converged the dispersed seed beam onto the input surface of the MgO : LiNbO 3 crystal with a beam diameter of about 0.6 mm ͓full width at half maximum ͑FWHM͔͒. The center of rotation was fixed on the input surface of the first MgO : LiNbO 3 crystal. Owing to the design of the stationary dispersion-compensated optical arrangement, the seed beam automatically enters the MgO : LiNbO 3 crystal at the appropriate phase-matching angle, by changing the frequency of the seed beam.
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The polarization direction of the pump beam and seed beam was set to the z axis of the MgO : LiNbO 3 crystal. The pump wave was passed near the y surface in the second MgO : LiNbO 3 crystal in order to minimize the absorption loss of the THz wave.
The threshold energy of the pump beam for generating THz-wave radiation was 13 mJ/pulse with the waist of the pump beam of 0.7 mm ͑FWHM͒ at the first facet of the MgO: LiNbO 3 crystal.
THz-wave radiation was detected using a 4 K Si bolometer. The THz-wave frequency was determined from the frequency difference between the pump and idler beams, based on the energy conservation of parametric processes in nonlinear optics. Figure 2 shows the THz-wave output energy in the THz-wave frequency region of 0.6-2.4 THz, obtained by smoothly tuning the seed beam wavelength from 1066.4 to 1073.3 nm. The pump energy and seed beam power were 17 mJ/pulse and 250 mW, respectively. It took 70 s to sweep the entire 1.5 THz frequency range with a 0.1 nm/ s scanning speed using the dc motor on the ECLD. Rapid, smooth frequency tuning was demonstrated.
The THz-wave radiation was collimated using a 100 mm cylindrical Tsurupika lens and steered into a 40-mm-long gas cell made from a stainless steel tube. All the apparatus for transferring the THz wave was put in an isolate chamber with an inflow of very pure nitrogen gas to replace the atmosphere in the chamber. The cell was filled with a pressurecontrolled gas sample. Figure 3 shows the measured water vapor spectrum from 0.8 to 2.1 THz at a pressure of 0.75 Torr. It took about 100 s to scan this frequency range using a 30 MHz frequency step. The absorption lines measured by this system are in good agreement with the spectrum data from the NASA database, 14 shown as a stick spectrum in Fig. 3 . However, the limit frequency precision and quasi-linear frequency-voltage approximation of the ECLD when it was tuned led to a frequency shift between the measured absorption peak and the NASA data. For highresolution spectroscopy based on this THz-wave source, the ECLD frequency must be monitored and collimated using a high-resolution wavelength meter in real time. The marked background noise observed in Fig. 3 arose from amplitude fluctuation in the THz-wave source and an interference fringe due to the parallel quartz windows in the gas cell. Balance detection and the wedge windows should be effective in eliminating these background fluctuations.
A standing wire-grid beam splitter divided the THz-wave radiation into two paths. Each beam was steered into a different gas cell. One gas cell was evacuated to a vacuum as the reference beam, which was used as a pure reference signal to avoid the strong water vapor absorption in the atmosphere. Figure 4 shows the measured water vapor transmittance spectrum from 1.65 to 1.81 THz based on balance detection at a pressure of 0.75 Torr with a scanning speed of 6 MHz/step. We calibrated the ECLD frequency using a wavelength meter ͑Burleigh Instruments, WA-1150, spectral resolution: ϳ260 MHz͒ at the start of the frequency scan. 12 transitions were similar to the literature values, but there was an approximately 1 GHz discrepancy from the accepted literature value. The frequency jitter while scanning the ECLD was responsible for this discrepancy, and the absolute frequency calibration still remained in future.
We estimated the linewidth of the THz-wave radiation from the measured absorption transition of water vapor. Theoretically, the linewidth of the THz wave generated using the is-TPG is Fourier-transfer limited by the linewidth of the pump beam ͑in our case, the 17 ns single-longitudinal-mode pulse width means a 30 MHz linewidth͒. Water vapor has strong absorption lines in the THz region. The Doppler-free linewidth of the absorption is about 2 MHz and the pressurebroadened linewidth was typically ϳ10 MHz/ Torr. The linewidth of the is-TPG can be determined fully from the water vapor absorption line at pressures below 3 Torr. Figure 5 shows the measured rotation transition line of 6 33 -6 24 at 1.763 THz, at a pressure of 0.75 Torr, to avoid the power exhaustion that results from the strong absorption of water vapor. The measured linewidth of the absorption line was 50 MHz. It was limited by the THz-wave source rather than the absorption transition of water vapor at a pressure of 0.75 Torr. This demonstrates that the linewidth of the THz wave generated using this is-TPG was nearly Fouriertransform limited by the pulse width of the pump beam.
We demonstrated a narrow linewidth, wavelength-agile, THz-wave parametric generator ͑is-TPG͒. Rapid measurements of the absorption spectrum of water vapor over a wide frequency range were demonstrated with high resolution. We believe this to be the most accurate and rapid measurement of water vapor yet made over such a wide THz-wave frequency range. Our injection-seeded TPG has the advantages of compactness, tunability, brightness, narrow linewidth, fast data acquisition, room-temperature operation, and ease of handling. It should constitute a powerful tool for gas sensing, astrophysical research and other applications in the far-IR regime.
